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We have studied the electronic structure of EuFe2As2−xPx using high resolution angle-resolved
photoemission spectroscopy. Upon substituting As with the isovalent P, which leads to a chemical
pressure and to superconductivity, we observe a non-rigid-band like change of the electronic structure
along the center of the Brillouin zone (BZ): an orbital and kz dependent increase or decrease in the
size of the hole pockets near the Γ − Z line. On the other hand, the diameter of the Fermi surface
cylinders at the BZ corner forming electron pockets, hardly changes. This is in stark contrast to
p and n-type doped iron pnictides where, on the basis of ARPES experiments, a more rigid-band
like behavior has been proposed. These findings indicate that there are different ways in which the
nesting conditions can be reduced causing the destabilization of the antiferromagnetic order and the
appearance of the superconducting dome.
PACS numbers: 74.70.Xa, 74.25.Jb, 79.60.-i, 71.20.-b
The discovery of high Tc superconductivity in ferrop-
nictides [1] has attracted a great deal of attention not
only because of the high superconducting transition tem-
peratures Tc up to 55 K but also because of the complex
phase diagrams. Starting from the antiferromagnetic
(AF) metallic parent compounds, superconductivity can
be induced in various ways: by chemical doping, i.e., in-
troducing electrons or holes, by pressure, or by chemical
pressure, e.g. in the AFe2As2 (A=Ca, Sr, Ba, and Eu)
systems (122 systems) by substituting the As ions by iso-
valent but smaller P ions [2]. All these methods lead to
similar phase diagrams, i.e., the AF order is suppressed
with increasing distance from the parent compound and
a superconducting dome appears. The similarity of the
phase diagrams hints at a common mechanism for this
behavior. In a more itinerant picture, which is still un-
der debate, these phase diagrams are explained in terms
of decreasing nesting conditions between hole pockets in
the center and electron pockets at the corner of the Bril-
louin zone (BZ) [3]. The similarity of the phase diagrams
may indicate that in all cases the nesting conditions are
reduced in the same way, i.e., the evolution of the elec-
tronic structure as a function of the distance to the par-
ent compound is the same. On the other hand, the ap-
plication of doping, pressure, or chemical pressure may
be taking different routes to reach the same destination,
inducing differing changes to the electronic structure.
In previous angle-resolved photoemission spectroscopy
(ARPES) studies [4, 5] a doping induced reduction of
the nesting conditions have been reported: for n-type
doped systems such as BaFe2−xCoxAs2, a gradual de-
crease (increase) of the size of the hole (electron) pock-
ets has been detected. For p-type doped systems such
as Ba1−xKxFe2As2, the opposite behavior has been ob-
served. On the basis of these results, a doping induced
shift of the Fermi level EF , in a rigid-band-like elec-
tronic structure has been proposed [4, 5]. Theoretically,
the ARPES results have been supported by density func-
tional calculations (DFT) in the virtual crystal approxi-
mation and using super cells [5, 6]. There is not, however,
unanimity on the point of doping leading to a simple shift
of the chemical potential. Recent super cell DFT calcula-
tions of different dopants (among other Co) on the Fe site
indicated the formation of localized states leading to an
isovalent substitution and not to a chemical doping [7].
Ba(Eu)Fe2As2−xPx [2, 8] is an ideal system to study
the evolution of the electronic structure as a function of
chemical pressure. In the Ba compound P substitution
has led to superconductivity with a Tc up to 30 K [2].
In the Eu system, the AF order of the Fe ions is also
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Fig. 1: (color online) ARPES data of EuFe2As1.56P0.44 taken
with a photon energy hν = 93 eV. (a) Fermi surface map
along Γ − X symmetry line measured with s-polarized light
(indicated by a white double arrow). (b) and (c) energy distri-
bution maps near X and Γ, respectively. (d) and (e) constant
energy contours 50 meV below EF in the k-range indicated in
(a) by the rectangle marked with a white dashed line, for two
different polarizations. (f) momentum distribution curves at
Γ near EF for two different polarizations.
suppressed by P substitution and the Eu ions order an-
tiferromagnetically below 18 K. At higher P concentra-
tions, however, the Eu moments order ferromagnetically
which limits the superconducting dome to a narrow range
between x=0.3 and 0.4 [9]. To the best of our knowl-
edge no ARPES investigations have been performed on
these systems. A series of recent articles on the elec-
tronic structure of AFe2P2 compounds [10–12] using the
de Haas-van Alphen (dHvA) effect have revealed that
the three-dimensional (3D) nature of the electronic struc-
ture is increased compared to their As-based AF sister
compounds. Furthermore, in a recent dHvA study on
BaFe2As2−xPx (0.41<x<1) a strong mass enhancement
of the quasiparticles has been detected near the P concen-
trations that gives rise to the maximal Tc [13]. Powerful
as they are, these dHvA measurements do have the draw-
back that, due to the short mean free path of the hole
carriers, it is difficult to identify and analyse the hole-like
Fermi surfaces in the substituted compounds.
In this Letter we present a systematic study of the
evolution of the electronic structure of the chemically
pressurized system EuFe2As2−xPx using high-resolution
ARPES to reveal the dispersion of bands parallel and
perpendicular to the Fe layers. We observe non-rigid-
band like shifts of bands related to the hole pockets. The
changes in the electronic structure due to chemical pres-
sure result in a charge neutral transfer of holes in the
center of the BZ along the kz axis between bands hav-
ing different orbital character. The size of the electron
pockets at the corner of the BZ hardly changes. The
changes in the center of the BZ signal an even stronger
3D electronic structure compared to the case of electron
doping [5]. Our data show that differing routes can and
are taken to reach superconductivity in the ferropnic-
tides: upon aliovalent substitution there are signs for a
Fermi level shift in a more or less rigid band structure,
whereas isovalent substitution–chemical pressure–gives a
strongly non-rigid-band like evolution.
Single crystals of EuFe2As2−xPx were grown in Göt-
tingen using the Bridgman and Sn-flux method [14]. The
AF transition temperature TN for the Fe
2+ moments in
the parent compound was determined to be about 190
K while Eu2+ moments order antiferromagnetically be-
low TN=18 K. A narrow superconducting dome with a
maximum transition temperature Tc = 29 K has been ob-
served around x=0.4. Further sample characteristics will
be published in a separate communication [9]. ARPES
measurements were carried out at the BESSY II syn-
chrotron radiation facility using the UE112-PGM2 beam
line and ”13”-ARPES end station equipped with a Sci-
enta R4000 analyzer. The total energy resolution was
set between 5 meV to 7 meV while the angular resolution
was 0.2◦ (0.3◦) parallel (perpendicular) to the analyser
slit. High symmetry points of the BZ are denoted by Γ
= (0, 0, 0), Z = (0, 0, 1), X = (1/2, 1/2, 0), and K =
(1/2, 1/2, 1) in units of (2pi/a, 2pi/a, 2pi/c), where a and
c are the tetragonal lattice constants of EuFe2As2−xPx.
All measurements were performed below 20 K if not oth-
erwise stated. Further experimental details have been
published previously [15].
Figure 1 shows representative ARPES data of
EuFe2As1.56P0.44, a slightly over-substituted compound.
In the following we discuss the results and in particu-
lar the orbital character of the observed spectral weight
in a coordinate system which is rotated by 45◦ around
the kz axis. In this way it is easier to compare the data
with calculations presented in Ref. 16. The map dis-
played in Fig. 1(a) shows an ellipsoidal Fermi surface (FS)
formed by an electron pocket [see Fig. 1(b)] around the
X point, the intensity of which is strongly reduced along
the Γ−X line. This might be related to matrix element
effects suppressing the intensity along a mirror plane for
specific photon polarizations [5], although the intensity
reduction along the Γ − X line remains for p-polarized
light, and for geometries free of mirror plane effects. Ac-
cording to Ref. 16 the Fermi surface at X should have
yz and xy character perpendicular and parallel to the
Γ − X line, respectively. Both should be visible in our
geometry for s-polarized light. Thus the xy states would
have to be strongly suppressed by matrix element effects
other than the polarization selection rules. This view
is supported by ARPES measurements on cuprates [17]
and by matrix element calculations for ferropnictides [18].
3Consequently, we state that the visible FS of the elec-
tron pocket near X has yz character. Next we discuss
the spectral weight in Fig. 1(a) near Γ which results
from hole bands, the top of which are close to EF [see
Fig. 1(c)]. Polarization dependent constant energy con-
tours at 50 meV below EF shown in Figs. 1(d) and
1(e) indicate two almost degenerate hole pockets with an
asymmetric intensity distribution around Γ which can be
nicely explained by the calculations of Ref. 16 in terms of
xz/yz bands. The inner (outer) pocket shows more inten-
sity for the yz (xz) arcs perpendicular (parallel) to Γ−X
for s (p) polarized light. In the momentum distribution
curves shown in Fig. 1(f) we detect an outermost third
hole pocket at Γ, highlighted by dashed lines, for p but
not for s-polarized photons. From the low intensity and
from the small kz dependence (see below) we tentatively
assign this hole pocket to xy states. The polarization de-
pendence could be explained by a small matrix element
for the odd xy states and an admixture of even x2 − y2
states. Summarizing the results derived from Fig. 1, our
results on the orbital character of the states close to EF
at Γ and X are compatible with the theoretical results
presented in Ref. 16.
To elucidate the 3D nature of the electronic structure
we have measured hν dependent ARPES data at the cen-
ter and at the corner of the BZ (see Fig. 2). An inner
potential of 15 eV has been used to calculate the kz values
from hν with the c values reported in Ref. 8. The Γ, Z,X,
and K points are indicated by dashed lines. Along the
Γ−Z direction, we compare data taken with two different
polarizations, so as to enable the extraction of impor-
tant information regarding the orbital character of the
states near EF . For s-polarized light, in this geometry,
for k−110 = 0 we can detect only odd states relative to the
Γ−X mirror plane and therefore the kz dispersive band
in Fig. 2(a) has yz character. For p-polarized photons,
we are sensitive to even states, which have xz, x2 − y2,
and z2 character. Thus we identify the inner slightly
dispersing Fermi cylinders with the almost degenerate
xz/yz bands, different from our previous assignment [5].
The almost non-dispersive next in diameter size cylinder
is assigned to xy states, visible by the admixture of even
x2−y2 states. In agreement with our previous results [5]
we assign the outermost Fermi cylinder, which appears
near the Z point, to z2 states. As is to be expected,
the kz dispersion is large for orbitals not laying in the
Fe plane and small for in-plane orbitals. The data near
kx, ky = 0 indicate a considerably large kz dispersion,
i.e., a larger three-dimensionality when compared to the
non-substituted compound. At the zone corner we ob-
serve a small kz dispersion of the Fermi cylinder.
Analogous measurements as those shown in Figs. 1
and 2 have been performed for the P concentrations x=
0.28 and 0.32. The size of the hole pocket in the parent
compound was derived from data taken above TN . From
the entirety of these data we derive the Fermi vectors, kF ,
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Fig. 2: (color online) ARPES Fermi surface maps of
EuFe2As1.56P0.44 in the k001−k−110 plane. Actually the pho-
ton energy dependence of the intensity is shown. (a) and (b)
data near the Γ − Z line taken with s and p polarized light,
respectively. (c) data near the corner of the BZ measured
with p-polarized light. The symbols indicate the band disper-
sion having different orbital character: open (closed) circles
predominantly xy (xz/yz) character, closed squares predom-
inantly z2 character.
along the k−110 direction for the high symmetry points
Γ, Z,X , and K as a function of P substitution, which
are presented in Fig. 3(a). We observe a non-rigid-band
evolution of the electronic structure upon P substitution.
At Γ the size of the xz/yz hole pockets decrease with x,
whereas that of the xy pocket remains constant. At Z the
size of the z2 hole pocket increases and that of the almost
degenerate xy, xz/yz hole pockets slightly increase. The
size of the electron pockets at X and K hardly changes.
For kF ≫ dkF and for a 2D electronic structure there is a
linear relationship between the concentration dependent
changes of the total number of charge carriers dne,h/dx
and the concentration dependence of the Fermi vector
dkF /dx:
dne,h/dx = 2pikF (dkF /dx)/SBZ , (1)
where SBZ = (2pi/a)
2 is the area of the BZ. Using the
data of Fig. 3, for x ≤ 0.32 we derive that the increase of
kF (dkF /dx) for the z
2 holes at Z is about the same as the
decrease of the same value for the two xz/yz hole pock-
ets at Γ. Remembering that the other pockets do not
change this signals a charge neutral replacement of the
As atoms by P, as is to be expected for isovalent substi-
tution. For x=0.44 the data could indicate an apparent
deviation from charge neutrality which needs further in-
vestigations.
The non-rigid-band evolution of electronic structure is
probably related to a change of the crystal field split-
ting of the Fe 3d states upon substitution of the larger
As ions by the smaller isovalent P ions thus changing
the pnictogen height above the Fe layers. The kF data
for EuFe2As2−xPx indicate a decreasing nesting condi-
tion with increasing P substitution since part of the hole
pockets at Γ and Z decreases and increases, while the
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Fig. 3: (color online) Fermi vectors plotted as a function
of doping/substitution concentrations at Z, Γ, K, and X.
(a) isovalently substituted (chemically pressurized) system
EuFe2As2−xPx. (b) Aliovalently substituted (electron doped)
BaFe2−xCoxAs2. The assignment of the symbols to the or-
bital character is the same as in Fig. 2.
size of the electron pocket is almost constant.
We contrast the kF values for EuFe2As2−xPx with
analogous values [see Fig. 1(b)] for the chemically doped
system BaFe2−xCoxAs2 which were taken from the data
presented in Ref. 5. In this case both the hole pockets
at Γ and at Z decrease with increasing Co concentra-
tion while the electron pocket increases. These results
also indicate a decrease of the nesting conditions with
increasing Co concentration. The observed kF values as
a function of Co concentration could be explained by a
doping induced shift of the Fermi level to higher energies
upon n-type doping. In the following, we approximate
the 3D electronic structure by a 2D one, in which the
size of Fermi surfaces is calculated from the average of
the kF values at kz = 0 and 1, and we assume circular
Fermi surfaces. Using Eq. (1) and the kF and dkF /dx
values from Fig. 3(b) we derive an increase of 0.7 elec-
trons per Co atom.
It is interesting to note that in both systems, the Co
and the P substituted compounds, for kz=0 and near
optimal doping (highest Tc) we observe a closing of the
xz/yz hole pockets. This would lead to a reduction of
the nesting conditions between hole and electron pock-
ets and possibly makes the nesting between the electron
pockets more important. In this way it would be possi-
ble to understand doping dependent changes of the sym-
metry of the superconducting order parameter [19], e.g.
from s± to d. A similar scenario was described in Ref. 20.
On the other hand a rapid decrease of the nesting con-
ditions above a certain concentration is rather unlikely
when looking at the data for kz 6= 0. For these kz values
the xz/yz hole pockets exist over a much larger concen-
tration range which means they are available for nesting
even well above the optimal doping/substitution concen-
tration.
In the following we compare the present results with
data previously published in the literature. During our
manuscript preparation we noticed a similar dHvA study
on BaFe2(As0.37P0.63)2 in which an enhanced nesting
for the superconducting compound in comparison to the
fully substituted compound was derived [21]. We point
out that in these measurements only one instead of three
hole pockets have been detected and therefore on the
basis of these data it is difficult to conclude on the nest-
ing conditions. For the system BaFe2−xCoxAs2 various
ARPES studies have been published [4, 5]. In general
these ARPES results indicate a rigid-band like behavior
upon n-type doping with Co (and for p-type doping by
replacement of Ba by K). Our value 0.7 electrons trans-
fered from Co to the Fe-derived bands is close to the value
of 1 from Ref. 4. From the fact that we have not mea-
sured the full Fermi surfaces for all kx, ky, and kz values
we cannot rule out a complete charge transfer from Co
to the Fe-derived bands.
In summary we have performed high-resolution
ARPES studies on EuFe2As2−xPx in order to reveal the
nature of the electronic structure as a function of x. The
results are compared with analogous data of the electron
doped BaFe2−x CoxAs2 system. We conclude that the
evolution of electronic structure upon substitution of As
by P in EuFe2As2, which leads to chemical pressure, is
non-rigid-band like in nature. On the other hand, for the
aliovalently substituted system BaFe2−xCoxAs2 we see
more signs compatible with a shift of EF in a rigid-band
like electronic structure. Our findings are supporting the
importance of nesting conditions for the understanding
of the phase diagram, the appearance of superconductiv-
ity and the pairing symmetry of the order parameter in
ferropnictide compounds.
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